The nucleotide sequence of cDNA copies of grapevine fanleaf virus (strain F13) satellite RNA has been determined. The primary structure obtained was 1114 nucleotides in length, excluding the poly(A) tail, and contained only one long open reading frame encoding a 341 residue, highly hydrophilic polypeptide of Mr 37 275. The coding sequence was bordered by a leader of 14 nucleotides and a 3'-terminal noncoding region of 74 nucleotides. No homology has been found with small satellite RNAs associated with other nepoviruses. Two limited homologies of eight nucleotides have been detected between the satellite RNA in grapevine fanleaf virus and those in tomato black ring virus, and a consensus sequence U. G/UGAAAAU/AU/AU/A at the 5' end of nepovirus RNAs is reported. A less extended consensus exists in this region in comovirus and picornavirus RNA.
SUMMARY
The nucleotide sequence of cDNA copies of grapevine fanleaf virus (strain F13) satellite RNA has been determined. The primary structure obtained was 1114 nucleotides in length, excluding the poly(A) tail, and contained only one long open reading frame encoding a 341 residue, highly hydrophilic polypeptide of Mr 37 275. The coding sequence was bordered by a leader of 14 nucleotides and a 3'-terminal noncoding region of 74 nucleotides. No homology has been found with small satellite RNAs associated with other nepoviruses. Two limited homologies of eight nucleotides have been detected between the satellite RNA in grapevine fanleaf virus and those in tomato black ring virus, and a consensus sequence U. G/UGAAAAU/AU/AU/A at the 5' end of nepovirus RNAs is reported. A less extended consensus exists in this region in comovirus and picornavirus RNA.
Grapevine fanleaf nepovirus (GFLV) is responsible for one of the most widespread and damaging viral diseases of grapevine. The isometric particles of about 28 nm in diameter are morphologically and serologically indistinguishable. They sediment as three components in sucrose gradients (Quacquarelli et al., 1976) . GFLV has a bipartite RNA genome separately encapsidated, and the virion particles of strain F13 also contain a satellite RNA, called RNA3. This RNA is dependent on the presence of the two genomic RNAs for its multiplication, and directs the synthesis in a wheatgerm translation system of a protein (P3) with an apparent Mr of 39K. The satellite RNA has a polyadenylated 3' end, and probably a protein (VPg) linked to the 5' terminus of the molecule, as do both RNAs of the helper virus. No significant nucleotide sequence homology was detected between RNA3 and the genomic RNAs in Northern hybridization experiments (Pinck et al., 1988) .
We report here the nucleotide sequence of GFLV strain F13 satellite RNA, obtained by the analysis of full-length cloned cDNA copies. The primary structures of this satellite RNA and its encoded protein were compared with those determined for the different satellites of tomato black ring virus (TBRV) isolates (Hemmer et al., 1987) and other satellite RNAs.
GFLV strain F 13, first isolated from a grapevine, Vitis vinifera cv. Muscat, near Frontignan in the south of France (Boubals, 1962) , was propagated in Chenopodium quinoa. Virus purification was as in Pinck et al. (1988) . Nucleic acids were extracted from purified virus by the conventional SDS-phenol method and concentrated by ethanol precipitation before cloning. cDNA copies were synthesized and cloned according to the method of Heidecker & Messing (1983) with slight modifications. Viral RNAs (5 ~tg) were annealed to linearized oligo(dT)-tailed pUC9 plasmid'DNA. The reaction mixture for the first strand synthesis contained 70 mM-Tris-HC1 pH 8.3, 10 mM-MgCI2, 70 mM-KC1, 2 mM-dithiothreitol, 25 gg/ml actinomycin D, 1 I-tg
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oligo(dT)-tailed pUC9 plasmid, 20 ~tCi [~-32p]dCTP (400 Ci/mmol), 0.8 mM each of the four deoxyribonucleoside triphosphates (dNTP) and 10 units of avian myeloblastosis virus reverse transcriptase (Life Sciences) in a final volume of 15 ~tl. The mixture was first equilibrated for 3 min at 37 °C and then incubated for 30 min at 42 °C. The longest tailed cDNA molecules corresponding to the heaviest fractions of the sucrose gradient were sampled and processed according to Heidecker & Messing (1983) before transformation of Escherichia coli C600-5K (Hubacek & Glover, 1970) . About 1000 clones were obtained by this procedure with one-tenth of the synthesized recombinant DNA.
All the transformants were analysed by in situ hybridization on Colony/PlaqueScreen membranes (New England Nuclear) using the three nick-translated probes specific for each RNA of GFLV strain F13 as earlier described by Pinck et al. (1988) . A total of 380 colonies which strongly hybridized with one of these specific probes were isolated. Cross-reactions were often obtained between clones corresponding to RNA1 and RNA2, indicating sequence homologies expected to occur in the 3'-terminal regions of the genomic RNAs.
The RNA3-specific clones were further screened by double enzymic digestion (EcoRIHindlII) of small scale DNA preparations obtained as in Ish-Horowicz & Burke (1981) , analysed by electrophoresis in 6~ non-denaturing polyacrylamide gels or in 1 ~ agarose gels. The whole insert was removed by these two restriction enzymes. Among 21 clones, two plasmids with inserts of about 1200 nucleotides (clones pA4 and pA5) were selected to establish a precise restriction map and for sequence analysis. Plasmid DNA was prepared from bacterial cells by alkaline lysis and purified by centrifugation in CsC1 gradients containing ethidium bromide (Maniatis et aL, 1982) .
The cDNA inserts were digested with appropriate restriction enzymes for sequence determination, and the fragments obtained were 5' end-labelled by T4 polynucleotide kinase, and then sequenced by the chemical degradation method of Maxam & Gilbert (1980) . Sequence was also determined by the dideoxynucleotide chain termination method (Sanger et al., 1977) after subcloning the insert in HindlII and EcoRI sites 6f M13mpl8 and mpl9 bacteriophage replicative forms (Messing, 1983) . In the latter case, the universal sequencing primer, a 15-mer complementary to nucleotides 644 to 658 in RNA3 (5'-TCACGGGAGCGGGTG-3') or an 8-mer (5'-TTTTTTTG-3 ') were used to prime initiation of chain elongation. These primers were synthesized by the phosphotriester method with an Applied Biosystems 381A DNA synthesizer. The 8-mer oligonucleotide proved very useful in overcoming the effect of the poly(A) tract present between the plasmid polylinker site and the cDNA insert, unreadable by the polymerase. The RNA3 sequence was deduced from fragments of two large clones, pA4 and pA5, sequenced by the Maxam & Gilbert method and from primer extension with the Sanger method, after subcloning. The whole sequence of clone pA5 was determined on both strands. The sequence of clone pA4 was identical to that of clone pA5 except for one nucleotide located in the coding region. The complete sequence, shown in Fig. 1 , is 1114 nucleotides long, excluding the poly(A) tail. This value is in good agreement with the 1150 nucleotides estimated in denaturing agarose-formaldehyde gels for the satellite RNA (Pinck et al., 1988) .
To confirm that the insert in the clones pA4 and pA5 corresponded to a full-length copy of GFLV RNA3, the RNA sequence at the 5' terminus was also determined by primer extension with reverse transcriptase using a synthetic 18-mer primer complementary to the residues 26 to 43 (5'-GATGGATCCACGGTAACG-3'). This oligonucleotide was 5' end-labelled using [?-32p] ATP in the presence of T4 polynucleotide kinase and purified in 15~ polyacrylamide gels. One pmol of the labelled primer was mixed in a final volume of 20 ~tl with 5 ~tg virion RNA and heterologous sequencing was performed according to Youvan & Hearst (1981) . For each nucleotide-specific reaction, the dNTP and ddNTP concentrations were 25 ~tM and 5 IXM respectively. Primer extension was carried out for 30 min at 42 °C in the presence of 2 units reverse transcriptase in a final volume of 30 ~tl. The reaction was stopped by RNA hydrolysis for 3 min at 90 °C in 0-3 M-KOH. The mixture was adjusted to 0.8 M-acetic acid and the cDNA was ethanol-precipitated in the presence of 0.3 M-sodium acetate. The sequence at the 5' terminus of RNA3 deduced from primer extension sequencing confirmed the nucleotide sequence at the 5' end of the cloned DNA. Only nucleotides U and A in positions 1 and 2 respectively migrate too close to the bands of full-length reverse-transcribed cDNA and could not be precisely identified. Nevertheless, the maximum length obtained in the reaction without added ddNTP corresponded exactly to the expected size determined from the cDNA inserts. This confirmed that the cDNA clones pA4 and pA5 corresponded to full-length copies of the satellite RNA and that the satellite RNA of GFLV isolated from virus particles did not show any circular or multimeric forms, since primer extension did not generate cDNA greater in size than the cloned cDNA.
The first nucleotide determined in clones pA4 and pA5 is a U. This nucleotide is probably linked to the VPg since the association VPg-U is the most frequent for many plant virus or picornavirus RNAs in which the 5' end is linked to a VPg (see Table 1 ). For the satellite RNAs associated with several strains of TBRV, two out of five strains start with a C instead of a U (Hemmer et al., 1987) .
The first AUG in the sequence of GFLV RNA3, located two nucleotides from the 5' end, corresponds to a putative initiation codon for a peptide of 22 amino acids. The second AUG in positions 15 to 17 starts a long open reading frame (ORF1) ending at nucleotide 1037. The potential peptide encoded by this sequence includes 341 amino acids with an Mr of 37 275. This coding sequence is flanked by a short leader of 14 nucleotides and a 74 nucleotide 3' end noncoding sequence.
The single sequence heterogeneity between clones pA4 and pA5 was found in nucleotide position 720 where U in clone pA5 was changed to C in clone pA4. At the protein level, in the position of residue 235 in ORF1, a Phe codon (UUU) in clone pA5, is changed to a Leu codon (CUU) in clone pA4. Since the sequence of the clone used as cDNA probe for RNA3, obtained from a separate cDNA synthesis described in Pinck et al. (1988) also showed a Phe codon in this position, Phe is the most likely amino acid in this position. However, a heterogeneity in the satellite RNA population or an error in reverse transcription during the first cDNA strand synthesis cannot be excluded.
The potential peptide of 341 amino acids (Mr 37 275) encoded in ORF 1 may correspond to the 39K product (P3) of translation in a wheatgerm system (Pinck et al., 1988) . Close examination of the P3 band obtained in wheatgerm or in reticulocyte lysate revealed the presence of a minor, more slowly migrating band (not shown). Therefore, assuming that the most abundant protein, P3, with the fastest migration corresponded to the translation of 341 amino acids in ORF1, the The translation data presently available do not rule out any of these possibilities. The protein of ORF 1 encoded by RN A3 contained 8-5 ~o acidic amino acids and 17.8 ~o basic amino acids and had a net charge of + 32. The high content in basic amino acids (43 ~ lysine and arginine) between residues 97 and 140 recalls the 30~ basic amino acid content of TBRV satellite proteins from residues 93 to 137 and can be compared to the histone-like character suggested for viral coat protein of alfalfa mosaic virus (Bol et al., 1974) . The hydrophilicity plot (Hopp & Woods, 1981) indicated that the first 40 amino acids at the N terminus and the 50 amino acids at the C terminus had hydrophobic properties. The region in between has a central part, from amino acid 90 to 270, in which hydrophilic and hydrophobic peaks alternate. This region is bordered by clearly hydrophitic domains from amino acids 40 to 90 and from 270 to 290 (Fig. 2) . Comparison with the hydrophilicity plot of TBRV satellite proteins (Hemmer et al., 1987) showed a major difference in the N-terminal region, which is much less hydrophobic in satellite protein of strains S and E.
Direct comparison of the 341 amino acid sequence of GFLV protein of ORF 1 and the satellite proteins of TBRV strains S and L (424 amino acid residues) using the GAP algorithm (Devereux et al., 1984) indicated no significant homologies except for the sequence IRVE... DD.. DELASAS (residues 245 to 262 for GFLV and residues 287 to 302 for TBRV) which could be aligned with the two TBR¥ satellite proteins (Hemmer et al., 1987) if D and E residues and P and A residues were considered similar. However, with lower gap weights, these homologies did not increase significantly. The significance of these homologies is uncertain.
In addition to the comparisons described above the structure of the two satellite proteins was analysed (Fig. 3) correspondence as deduced from French & Robson (1983) . A V.R.P. diagram is analysed by examining the average slope resulting from the sum of several vectors, and by the analysis of any important change between two average slopes. These changes or 'breaks' often delimit different domains. V.R.P. diagrams of isofunctional proteins frequently yield analogous patterns and slope break points for the different functional domains (Poch et al., 1988) . The analogy of the GFLV and TBRV satellite proteins is nowhere more clearly indicated than by the way in which two domains can be distinguished (Fig. 3) . In both proteins the first domains, from the N terminus to residue approx. 150, have a 'downward' slope, generated by the presence of numerous charged residues, which is frequently observed in protein domains involved in interactions with nucleic acids. This domain contained a region rich in lysine and arginine, between residues 97 and 140 in GFLV protein and 93 and 137 in TBRV satellite protein. The second domains are also analogous in the two proteirrs, they start around residue 150 and are roughly horizontal, ending in a highly confused diagram at or close to the C terminus in the GFLV and TBRV satellite protein, respectively. No function can so far be suggested for this domain.
The GC content of GFLV satellite RNA is 54.6~, compared to 48.5~ for TBRV satellite RNA, strain S. The presence of several repeated or invert-repeated hepta-, octa-and nonamers in GFLV satellite RNA strongly favoured secondary structures in the RNA. Conformation prediction with the FOLD algorithm indicated stable folding with a free energy of -1686 kJ which is significantly higher than the values obtained for TBRV satellite RNA. Sequence comparison of GFLV and TBRV satellite RNA performed with GAP, BESTFIT and COMPARE from UWGCG (Devereux et al., 1984) showed only a few scattered nucleotide stretches in common which did not exceed eight nucleotides. One octanucleotide is close to the 5' end, and the second is in the coding region 781 to 788 and 1039 to 1046 in GFLV and TBRV satellite RNA S and L respectively. The sequence UGAAAAAU close to the 5' end is also found in RNA3 of TBRV and is restricted to UGAAAA in the TBRV genomic RNAs of strain S (Hemmer et al., 1987) . The sequence GAAAA is found in grapevine chrome mosaic virus RNAs (Le Gall et al., 1988) (Table 1) . The presence of a consensus sequence in the beginning of the leader of nepovirus RNAs is therefore proposed. This consensus seems almost conserved between different nepovirus RNAs and exactly conserved for all the RNAs of the same virus (Hemmer et al., 1987; Le Gall et al., 1988) . A consensus restricted to U.U/GU/GAAA is probable in comovirus and picornavirus RNA (Table 1) , but no similar sequences are reported for tobacco etch potyvirus (Allison et al., 1986) or southern bean mosaic sobemovirus (Wu et al., 1987) . The significance of the consensus adjacent to the VPg remains to be demonstrated.
As with other plant virus RNAs, the 3' region of GFLV satellite RNA contains none of the eukaryotic messenger polyadenylation signals (Fitzgerald & Shenk, 1981) . The comparison with the 3' termini sequences of GFLV RNA3 and RNA2 (unpublished results) showed no significant homologies; the previous observations obtained by Northern blot (Pinck et al., 1988) and colony hybridization are therefore confirmed.
The similarities between satellite RNAs associated with serologically related helpers are closer than those between satellite RNAs of less related helpers (Hemmer et al., 1987) . Furthermore, no sequence homology was found with other satellite RNAs like cucumber mosaic virus RNA5 (Garcia-Arenal et al., 1987) , peanut stunt virus RNA5 (Collmer et al., 1985) , tobacco ringspot virus satellite RNA (Buzayan et al., 1986) , panicum mosaic virus satellite RNA (Masuta et al., 1987) , and satellite tobacco necrosis RNA (Ysebaert et al., 1980) . It seems likely that a satellite RNA contains information or recognition signals for its replication by the helper virus and also for its encapsidation by the capsid protein encoded by the genomic RNAs.
In conclusion, the primary structure of GFLV strain F13 satellite RNA showed a similar organization to TBRV satellite RNAs: a 5' coding region of 14 nucleotides as in TBRV satellite RNA S and L and a 3' non-coding region of 74 nucleotides as for TBRV satellite RNA E and C (Hemmer et al., 1987) . However, no extensive sequence homologies were detected, except in the nucleotides adjacent to the 5' end which are probably linked to a VPg. Therefore, it appears that all nepovirus RNAs so far analysed share a consensus sequence at that position. Investigation of possible functions of this satellite RNA are now possible using transcripts of RNA3 and P3-specific antisera derived from synthetic peptides. 
